The impact of haploid-diploidy and the intertidal landscape on a fine-scale genetic structure was explored in a red seaweed Gracilaria gracilis. The pattern of genetic structure was compared in haploid and diploid stages at a microgeographic scale (o5 km): a total of 280 haploid and 296 diploid individuals located in six discrete, scattered rock pools were genotyped using seven microsatellite loci. Contrary to the theoretical expectation of predominantly endogamous mating systems in haploid-diploid organisms, G. gracilis showed a clearly allogamous mating system. Although withinpopulation allele frequencies were similar between haploids and diploids, genetic differentiation among haploids was more than twice that of diploids, suggesting that there may be a lag between migration and (local) breeding due to the long generation times in G. gracilis. Weak, but significant, population differentiation was detected in both haploids and diploids and varied with landscape features, and not with geographic distance. Using an assignment test, we establish that effective migration rates varied according to height on the shore. In this intertidal species, biased spore dispersal may occur during the transport of spores and gametes at low tide when small streams flow from high-to lower-shore pools. The longevity of both haploid and diploid free-living stages and the long generation times typical of G. gracilis populations may promote the observed pattern of high genetic diversity within populations relative to that among populations.
Introduction
The spatial structure of genetic diversity plays an important role when estimating biodiversity below the species level and when examining the interaction of a species with environmental factors that affect the ecosystem. Factors that govern dispersal between populations and genetic structure within populations may be intrinsic (eg life cycle, mating system) or extrinsic (eg landscape of habitat, medium of transport). While numerous studies have focused on the correlation between life history traits and spatial genetic differentiation among and within populations (see for a review, in plants, Brown et al, 1990; Hamrick and Godt, 1997; and in marine invertebrates, Palumbi, 1994; Bohonak, 1999; Féral, 2001) , comparatively few studies have explored local genetic differentiation in relation with fine-scale variation in landscape characteristics (see, for review, Sork et al, 1999) . Rare in groups other than plants or animals, explorations of the links between life history characteristics and/or landscape dynamics with the population genetic structure should be particularly interesting for a species such as the red seaweed Gracilaria gracilis.
G. gracilis has a complex haploid-diploid life cycle typical of red seaweeds, including two free-living stages of different ploidy levels -a diploid (tetrasporophyte) stage and a haploid (gametophyte) stage -and three dispersal units (haploid spores, diploid spores and male gametes). The alternation of haploid and diploid individuals in the life cycle implies that the recruitment of each stage depends on the survival, fertility and migration, as well as on the efficiency of selection, of the other stage. Second, sexual reproduction -with meiosis occurring in the diploid stage and fertilization in the haploid stage -and clonal multiplication -via the cystocarp (see Figure 1 ) -are both possible. Finally, G. gracilis individuals are found in rock pools that are formed at low tide in the intertidal zone exemplifying small-scale patchiness with concomitant ecophysiological variations in the landscape, possibly subject to different selection pressures.
In contrast to angiosperms where hermaphroditism is the most common breeding system (72% of species; Richards, 1997) , most red seaweed species are dioecious (Hawkes, 1990) , that is, male and female sexual organs occur on different individuals. Thus, by constraint, most Rhodophytes are obligatory outcrossers. However, in haploid-diploid species, mating between male and female gametophytes descending from the same parental (tetra)sporophytic individual is wholly analogous to selfing. Consequently, when both spore and gamete dispersal are restricted, the levels of inbreeding similar to those reported in hermaphroditic flowering plant species may be observed in dioecious haploid-diploid seaweed species. Indeed, mosses and ferns, also haploiddiploid organisms, of which some are capable of both inter-and intragametophytic selfing, show a range of inbreeding rates (Soltis et al, 1988; Innes, 1990; Shaw, 1991) . Moreover, clonality (and the subsequent reduction in genotypic diversity) may occur in red algae, via the cystocarp, through a process similar to polyembryony. Polyembryony has been described in invertebrates (Craig et al, 1997) and in pine trees (eg Rogers et al, 1999) and corresponds to the splitting of one single biparental embryo into many genetically identical embryos that are different from their mother (Craig et al, 1997) . Interestingly, in the context of inbreeding and clonality, theoretical models suggest that endogamous mating systems may be associated with life cycles characterized by a free-living prolonged haploid phase (Otto and Goldstein, 1992; Richerd et al, 1993b; Otto and Marks, 1996) . In fact, the purging of deleterious mutations, exposed to selection in the haploid phase reduces the genetic load, buffering inbreeding depression and/or creating favorable genetic associations, either of which promote selfing, inbreeding or asexual reproduction (Otto and Goldstein, 1992; Richerd et al, 1993b; Otto and Marks, 1996) .
Seaweeds are generally considered poor dispersers (see the special issue of the British Phycological Journal 1992, 27(3)), as spores and gametes are commonly short lived (Santelices, 1990) . Indeed, in G. gracilis, shortdistance dispersal occurs via three dispersal stages (haploid spores, diploid spores and male gametes) of short duration (maximum lifespans range from 6 h to ca. 2-3 days). Taken together, the combined features of the haploid-diploid life history of G. gracilis may favor a fine-scale genetic structure through limited dispersal (due to short-lived spores and gametes) and/or through a reduction in local genotypic diversity (due to a polyembryony-like process). In addition, when compared to land plants or marine invertebrates where pollen/sperm and seeds/larvae are dispersed, haploid spores represent an additional dispersive element on microgeographic scales. This 'additional' dispersal stage may locally affect gene flow between populations, particularly if haploid and diploid spores have different dispersal properties. For example, in G. gracilis, experiments under controlled light conditions suggest that haploid spores have better dispersal capacities than diploid spores: haploid spores have better buoyancy and show higher survival rates (Destombe et al, 1992) .
On the scale of a single shore (1-5 km), individuals of G. gracilis are confined to discrete, scattered rock pools in the intertidal zone. This heterogeneous and dynamic environment features dramatic differences in the ecophysiological and biotic environmental characteristics over small spatial scales (Ruckelshaus, 1998; Zuccarello, 2001) . In particular, the duration and frequency of emersion increases with increasing height on the shore: high-shore positions experience longer periods of isolation along with large, daily fluctuations in temperature, salinity, light intensity, etc compared to the immersed, open, relatively buffered low-shore positions. The smallscale patchiness of this species habitat and the cyclic spatiotemporal isolation of high-shore populations suggest that microgeographic genetic differentiation, even within a single shore, is possible (Engel et al, 1997) .
In this study, we analyzed the microgeographic population genetic structure in G. gracilis. Using seven polymorphic microsatellite loci, we evaluated the consequences of the haploid-diploid life history and intertidal rocky shore landscape on the genetic diversity and organization in this species. First, we analyzed the mating system and assessed the influence of a polyembryony-like process on genotypic diversity. Second, we compared the organization of the genetic diversity of both free-living haploid and diploid stages. Third, we investigated gene flow among populations (rock pools). Finally, we considered the population structure in light of the spatial positions of populations with respect to height on the shore.
Materials and methods

Study species
Populations of G. gracilis (Gracilariales, Rhodophyta) consist of isomorphic, perennial haploid male and female (gametophytic) and diploid (tetrasporophytic) individuals. Individuals are fixed to the substratum by a perennial holdfast bearing deciduous spaghetti-like thalli. As in all sexual life cycles, these haploid and diploid phases are interconnected through meiosis and syngamy (Figure 1 ). Meiosis occurs in diploid individuals, producing thousands of haploid spores (tetraspores). Haploid spores are dispersed and develop into new haploid individuals. Mitotic gametogenesis takes place in haploid individuals; male gametes are released into the water column and fertilization occurs on the female. The fertilized female gamete develops into a cystocarp, a macroscopic hemispherical fruiting body made up of maternal and zygotic tissues. The zygote multiplies by mitosis, producing thousands of genetically identical diploid spores (carpospores). Diploid spores are dispersed and new diploid individuals arise from these diploid spores. At the end of the reproductive Figure 1 Haploid-diploid life cycle in G. gracilis. The cycle is described in the Material and methods section. Italic characters and thin lines, haploid phase stages; bold characters and thick lines, diploid phase stages; arrows, dispersal. The cystocarp is composed of a haploid maternal envelope and a diploid sporogenic tissue that gives rise to thousands of genetically identical diploid spores (carpospores).
Genetic structuring in a haploid-diploid seaweed Figure 2 ; Cape Gris-Nez: GN1, GN2 and GN3; Audresselles: Aud1, Aud2 and Aud3). In the English Channel, tides are semidiurnal, rising and falling twice a day. Three pools -GN1, GN2 and Aud1 -were the highest pools on their respective shores, as no other pools occupied by G. gracilis were situated at a higher level. Accordingly, GN1, GN2 and Aud1 were designated as high-shore pools, while GN3, Aud2 and Aud3 were designated as low-shore pools (Figure 2 ). To characterize the differences in pools' relative emersion (exposure) times quantitatively, the mean percentage of time spent emerged was computed for each pool. The mean percentage of emersion time was calculated as the duration of emersion, according to height on the shore, divided by a 1-month time interval and averaged over a year using the SHOM database ( The characteristics of each study rock pool are listed in Table 1 . While rock pools constitute a convenient topological definition of a population, in the larger pools, sampling was confined to a sector defined by the contours of the rock pool (pools Aud1 and GN3; Table 1), with the exception of GN1, which was so large that we sampled individuals along a 2 m wide transect spanning the length of the pool.
Ploidy and sexual phenotypes of all sampled individuals were determined by observing reproductive structures under a dissecting microscope. For each pool, the total sample was divided into diploid and haploid subsamples. Biological material was dried and three thallus tips of ca. 5 mm were later excised from each individual for DNA extraction.
Analysis of microsatellite loci DNA extraction was performed according to Wattier et al (1997) . Seven microsatellite loci (Gv2CT, Gg121, Gg155, Gg173, Gg182, Gg202 and Gg216) were used among those characterized for G. gracilis Luo et al, 1999) . DNA samples were amplified according to the protocol in Luo et al (1999) , with slight modifications for Gv2CT . Although reports indicate that in many orders of red seaweeds, including Gracilariales, spores may coalesce and form a single, genetically chimeric plant (Santelices et al, 1999) , no genotypes with supernumerary alleles were observed in this study.
Data analyses
Genetic and genotypic diversity: For each pool, we calculated the mean number of alleles per locus (A O ) and the average expected heterozygosity (nonbiased observed gene diversity, H e ; Nei, 1978) for both haploid and diploid subsamples. The haploid and diploid subsamples represent different stages of the same life Figure 2 Schematic birds-eye view of the six study populations on the French coast of the Strait of Dover. Distances are not to scale in the insets. MLWM, mean low water mark, according to marine charts. Light grey areas, sand; dark grey areas, bedrock or rock outcrops. The tip of Cape Gris-Nez has a relatively steep shoreline, dominated by sandstone boulders arising from the eroding anticline cliff face, while Audresselles is made up of a long uneven stretch of exposed bedrock. Owing to their tide levels and to the terrain, GN1, GN2 and Aud1 were the highest populations observed on their respective shores.
cycle and, barring differential selection and/or asexual reproduction, should show similar genetic diversities and allele frequencies (eg Pamilo, 1993; Sosa et al, 1998) . Differences in gene and allele diversities between haploid and diploid subsamples were tested using nonparametric Wilcoxon's signed-rank tests. To correct for allelic diversity differences due to disparities in the number of genes in haploid and diploid samples, an estimate of the mean expected number of alleles (A E ) in a sample containing n i genes given that 2N i genes have been sampled (where n i is the number of sampled haploid individuals and N i is the number of sampled diploid individuals in pool i) was computed following El Mousadik and Petit (1996) . Finally, because, for diploid data, nonbiased F ST -based estimators depend on the observed numbers of heterozygotes (eg Weir and Cockerham, 1984) , haploids -for which heterozygotes are meaningless -cannot be analyzed in the same data set as diploids. Thus, to test for differences in allele frequencies between ploidy levels within each pool, exact tests were performed on the distribution of allelic counts of both ploidy levels as provided in GENEPOP, ver. 3.1 (Raymond and Rousset, 1995) .
To investigate the effect of the polyembryony-like process on genotypic diversity (ie the degree of recruitment of sister carpospores), the proportion of unique diploid genotypes within each population was calculated as D* (¼ number of unique diploid genotypes/N i ) (Ellstrand and Roose, 1987) . To analyze the mating system, fixation indices (f f IS ) within each pool were computed for each locus and heterozygote deficiencies and excesses were tested using 4200 randomizations of alleles among diploid individuals within each population using the FSTAT software package (Goudet, 1995) . In FSTAT, the probability associated with the multilocus estimate is a function of the average of each locus' test statistic weighted according to its polymorphism, making for a more powerful test of multilocusf f IS .
Mating system and population genetic structure: At equal effective population sizes (N e ) and migration rates (m), differentiation in a haploid organism is roughly twice as great as in diploids (ie haploid differentiation:
, since the presence of only one copy of each gene results in a stronger genetic drift. However, in a haploid-diploid organism, haploid and diploid F ST values should be comparable, because haploid and diploid F ST 's are governed by a unique effective population size. Indeed, the effective number of genes that contribute to the gene pool depends on the effective numbers of haploids and diploids; thus, 
We therefore expect to find similar among-population structure in haploid and diploid subsamples.
To test this hypothesis, population genetic structure was analyzed in haploid and diploid subsamples using a hierarchical analysis of gene frequencies (Weir, 1996) ; the genetic variance among individuals in the total sample (F IT ) due to correlation of genes within individuals within pools (F IS ) and to genetic differentiation among pools (F ST ). F ST was further broken down into a poolwithin-sites component (F SC ) and an among-sites component (F CT ) (where 1ÀF ST ¼ (1ÀF SC )(1ÀF CT )). These F-statistics were estimated using the Weir and Cockerham (1984) estimatorsF F IT ;f f IS ;ŷ y ST ;ŷ y SC andŷ y CT . For the haploid subsample, onlyŷ y ST ;ŷ y SC andŷ y CT are meaningful. The permutation procedures provided in the AMOVA option of Arlequin (Schneider et al, 2000) allowed us to test the deviation from zero of both singleand multilocus estimates of the three-level hierarchical F-statistics. For diploids, asŷ y ST is not provided in Arlequin when the within-individual level is included, deviation from zero for each locus was tested using the method of Workman and Niswander (1970) ; for the multilocus estimate, the single-locus probabilities were combined using Fisher's procedure. Finally, to assess the precision and the degree of overlap of the haploid and diploid multilocus estimates, 95% confidence intervals were obtained from the distribution of replicates generated by bootstraping over loci 1000 times using the GDA software package (Lewis and Zaykin, 2001) .
Finally, to illustrate the patterns observed in the hierarchical analysis, pairwise (ie between pools)ŷ y ST values were calculated using FSTAT for both the haploid and diploid subsamples. As the pattern of pairwise differentiation was expected to be similar in both stages, the correlation of haploid and diploid pairwisê y y ST values was tested using the Mantel test provided in GENEPOP (10 000 permutations). Tide level, height on shore above chart datum (mean tide level in the Boulogne-sur-Mer district, 4.91 m); time in emersion, mean percentage of time that a pool spends emerged (ie exposed). N T , total number of individuals ( ¼ plants) occupying the tide pool; N S , number of individuals sampled; S T , total surface of the tide pool; S S , area of the pool sector studied. a Number of individuals estimated from the density and surface area; the exact number is unknown.
b
Total number according to Destombe (1987) .
c Total number of individuals according to Richerd (1993) .
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Assignment test: Relying on fast-decaying linkage disequilibrium, assignment tests are powerful methods for detecting (recent) immigration events, even when overall differentiation, a product of long-term processes, among populations is low (Rannala and Mountain, 1997; Waser and Strobeck, 1998) . Assignment tests are particularly pertinent in landscape approaches of gene flow as the patterns of misclassification can be used to determine the direction of migration among populations. Genetic-based classification methods are based on straightforward allele frequencies or genetic distances (Cornuet et al, 1999) ; however, software currently available for implementing these methods implicitly require separate treatment of haploids and diploids. Wishing to create a synthetic genetic signature of populations where classification would be based on allele configurations of both haploid and diploid individuals simultaneously, we used a classical multivariate method. Classical multivariate analysis generates a set of functions from which individuals are assigned to specific populations and have been successfully used as assignment methods in population genetics studies (cf. Taylor et al, 1994; Cornuet et al, 1996) . Here, we employed the discriminant function analysis (DFA), as implemented in STATISTICA (Statsoft Inc., 1995) , to estimate linear functions using every allele at all seven loci as predictor variables and pools as the group classification variable. Individuals were coded 0, 1 or 2 for each variable, according to the number of allele copies observed. Thus, haploids contributed one allele per locus and diploids two, thereby describing true population-wide allele frequencies that constituted the genetic signature of each pool. To avoid autocorrelation among variables, the most frequent allele in each locus was removed from the data set. To obtain the most robust genetic signature, individuals missing information at one or more loci were removed from the data set.
Results
Gene diversity and structure within pools Gene diversity: Overall, 49 and 58 alleles were observed in the 280 haploid individuals and 296 diploid individuals, respectively. Two loci, Gv2CT and Gg121, were highly polymorphic with 20 and 16 alleles, respectively, while the other five loci showed from four to eight alleles. Allele frequencies of haploid and diploid subsamples of each pool are available upon request. Within pools, the expected heterozygosities (H e ) were moderately high and varied little, ranging from 0.393 to 0.544 (Table 2 ). Pool by pool, H e values were similar in haploid and diploid subsamples (bilateral Wilcoxon's signed-rank test, T ¼ 12, n ¼ 6, P ¼ 0.83). Likewise, when adjusted to haploid sample sizes, the numbers of alleles were not significantly different between diploids and haploids (bilateral Wilcoxon's signed-rank test, T ¼ 2, n ¼ 6, P ¼ 0.09). Moreover, none of the pools showed significant differences in allele frequencies (after Bonferroni correction) between the haploid and diploid stages ( Table 2) .
Genotypic diversity and mating system: Genotypic diversity was generally high but variable. Although all populations showed at least one shared multilocus diploid genotype, in two populations, GN2 and Aud1, the proportion of shared genotypes (1ÀD*) was substantially greater than 5% (Table 3 ). Genotypes were shared by at most two individuals except in the Aud1 pool where up to five individuals possessed the same multilocus genotype (data not shown).
None of the single-or multilocus f IS estimates were significantly different from zero in any population (multilocus estimates, Table 3 ; single-locus estimates not shown). The low jackknife standard errors indicate that the loci were generally concordant. The two populations with the highest proportions of shared genotypes (GN2 and Aud1) showed estimates similar to the other populations.
Patterns of among-population genetic structure: The hierarchical analyses of genetic structure appear in Table 4 . Single-locusf f IS values were generally negative, but only Gg173 was significantly so. The multilocusf f IS value was negative, but only marginally significant: permutation tests indicated a P-value of 0.036, while the 95% confidence interval indicated that the multilocusf f IS value was not significantly different from zero (see Table 4 ).F F IT values oscillated around zero and the overall genetic variance among individuals was not significantly greater than zero. This indicates that the negative correlation of alleles within individuals within pools In haploids, H e was corrected by a factor of (2NÀ1)/(2NÀ2).
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(f f IS ) was roughly of the same magnitude as the positive correlation among individuals (ŷ y ST ) of a pool. For both haploid and diploid samples, single-and multilocusŷ y ST estimates were low; nevertheless, more than half of the single-locus estimates were significantly positive, as were the multilocus estimates (Table 4) . Single-locus haploid estimates were equal to or greater than diploid estimates and the overall differentiation among haploids was 2.3 times greater than among diploids. Indeed, the 95% confidence intervals of the haploid and diploid estimates overlapped only slightly (Table 4 ) and the observed haploid and diploid allele distributions over all populations were significantly different (Fisher's exact test combined across loci, P ¼ 0.027).
Examining the relative levels of differentiation within and between sites showed that differentiation among pools within sites (ŷ y SC ) was significant, while differentiation between sites (ŷ y CT ) was not (Table 4) , although for diploids, 95% confidence intervals appeared to indicate marginal significance. Accordingly, genetic differentiation did not increase with greater geographical distance among subdivisions. For both haploids and diploids, differentiation among pools 25-500 m apart was not different from that among sites 5 km apart (cf. overlapping 95% CI, Table 4 ).
Pairwiseŷ y ST values (Table 5) illustrate the patterns discerned with hierarchical analysis. Differentiation among pools of different sites was not systematically greater than within-site differentiation. The lowest values were associated with low-shore (GN3, Aud2 and Aud3) pools regardless of whether they belonged to the same or different sites (Table 5 ). The highest (and significant) values always implicated the GN2, Aud1 and, to a lesser degree, GN1 pools, both within and between sites (Table 5) . Finally, values were not correlated between haploid and diploid pairwiseŷ y ST 's (Spearman's rank coefficient, r S ¼ 0.432, Mantel test, P ¼ 0.143), indicating that the relative ranking of interpopulation genetic differentiation was discordant in the two stages.
With 261 haploids and 269 diploids, the DFA resulted in three significant functions, accounting for a total of 80% of variation between pools: the first function explained 45.0% of the variability (Po0.001), the second, 20.0% (Po0.001) and the third, 15.6% (P ¼ 0.002). Based on these functions, individuals were assigned to one of the six study pools (Table 6 ). Haploids and diploids showed identical classification patterns: classifying the two stages according to assignment to (1) the pool of origin (haploids, 44.8%; diploids, 48.3%), (2) Multilocusŷ y ST values are given for between-haploid samples (above the diagonal) and for between-diploid samples (below the diagonal). Between-site values are given in italics. *Po0.05; **Po0.01; significance levels were adjusted using Bonferroni correction provided in FSTAT.
high-shore pools (GN1, GN2, Aud1) and low-shore pools (GN3, Aud2, Aud3), according to correct and incorrect assignments, showed that high-shore individuals were more frequently assigned to their original pools (52.3%) than low-shore individuals (37.1%) (2 Â 2 table, Po0.001). Moreover, regressing the mean percentage of emersion time on the percentage of individuals assigned to their original pools revealed a significantly positive relationship ( Figure 3 , R 2 ¼ 0.84, P ¼ 0.01), demonstrating that height on the shore significantly influenced migration among pools.
Discussion
In this study, we have shown that, in the haploid-diploid red seaweed G. gracilis, reproduction was predominantly sexual and gamete unions occur in an allogamous manner. In addition, we demonstrated that population differentiation, although weak, was significant and varied according to height on the shore and not with geographic distance. These results are discussed in light of possible sources of the observed patterns of genetic diversity: (1) haploid-diploid life cycle; (2) intertidal landscape; and (3) demographic causes of high genetic diversity and migration-drift disequilibrium.
Sexual reproduction and the haploid-diploid life cycle Haploid and diploid genetic and genotypic diversity: Within populations, we observed no significant differences in allele frequencies, gene diversities or mean numbers of alleles between haploids and diploids. Indeed, in species with diploid and haploid individuals, at mutation-drift equilibrium and assuming selective neutrality, Mendelian segregation and panmixia, allele frequencies (and thus gene diversities) are expected to be equal at both ploidy levels (Pamilo, 1993; Coyer et al, 1994; Sosa et al, 1998) . However, only a few studies have explicitly compared haploid and diploid genetic diversity (eg moss, Innes, 1990; Shaw, 1991; ant, Pamilo, 1993; seaweeds, Wattier et al, 1997; Sosa et al, 1998; van der Strate et al, 2002) . In seaweeds, the observed differences were attributed to the preponderance of vegetative propagation in comparison to the recruitment of individuals via sexual spores (Sosa et al, 1998; see also, van der Strate et al, 2002) . Within G. gracilis populations, the lack of detectable differences in allele frequencies shows that recruitment occurred essentially through sexual reproduction.
The regular occurrence of germination of spores originating from the same cystocarp was not appreciable in our G. gracilis populations. As in polyembryonic organisms, such as the whitebark pine (Rogers et al, 1999) , identical genotypes did occur within G. gracilis populations, but at relatively low levels (0.88pD*p0.97, Table 3 ) compared to clonal plants (mean D* ¼ 0.62, Ellstrand and Roose, 1987) . In addition, identical genotypes may actually attest to variance in haploid reproductive success. In haploid-diploid species, as gametes are produced by mitosis, zygotic spores resulting from independent gamete unions of a particular male-female couple are indistinguishable from spores resulting from the zygotic amplification of a single gamete union. Indeed, paternity analysis in the GN2 Classification table generated by discriminant function analysis: assignment of diploid (D) and haploid (H) individuals to the six study populations based on population-wide allele frequencies; %, percentage of individuals of a pool assigned to each of the six study pools. Genetic structuring in a haploid-diploid seaweed CR Engel et al population showed that while multiple paternity was prevalent, independent repeated gamete unions did occur .
Mating system and the haploid-diploid life cycle: In dioecious species, under random mating, a slight excess of heterozygotes is expected within populations (Cockerham, 1973) . Accordingly, the single-locusf f IS values were generally negative and the multilocus estimate was only marginally significant ( Table 4 ), indicating that mating among haploids was essentially random. Further, the absence of a Wahlund effect (ie heterozygote deficiencies) indicates that the study pools were not subdivided into distinct demes. Thus, the topological definition of a population -the tide pooldid indeed constitute the panmictic unit, even in the largest pool (GN1), sampled over a 60 m transect. The haploid-diploid life cycle of G. gracilis allowed us to test the theoretical predictions that endogamous mating systems are correlated with the maintenance of a prolonged haploid phase (Otto and Goldstein, 1992; Otto and Marks, 1996) . However, contrary to this expectation for haploid-diploid organisms, in this study, G. gracilis was clearly allogamous. Moreover, in this species, the degree of mating between sibling gametophytes in this species is probably minimized by extensive gene flow (see below). Consequently, the 'purging hypothesis' does not seem to explain the maintenance of a prolonged haploid phase in this seaweed. Alternative models of the evolution and maintenance of haploid-diploid life cycles invoke factors other than purging of deleterious mutations that may promote biphasic life histories: niche differentiation in the two phases (Hughes and Otto, 1999) , reduction of the cost of sex (Richerd et al, 1993a) . Therefore, sexual reproduction and even outcrossing may not necessarily be contradictory to the maintenance of a haploid-diploid life cycle.
Patterns of genetic differentiation: life cycle and habitat effects Discrepancies in haploid and diploid differentiation: Although within-population allele frequencies were similar between haploid and diploid subsamples, the overall genetic differentiation among haploid subsamples was more than twice that of diploid subsamples (Table 4) . This result was all the more unexpected, as similar values of differentiation were expected due to the obligatory passage of all genes through haploid and diploid free-living stages. There are several possible explanations for this discrepancy. First, differential selection between the two ploidy levels may have negative effects on effective haploid migration. Nonetheless, microsatellite loci are generally thought to be selectively neutral. In addition, although differential selection between haploids (males) and diploids (females) has been detected in haplodiploid insects (Pamilo, 1993; Parker and Hedrick, 2000) , we did not observe any significant differences in haploid and diploid within-population allele frequencies, suggesting the absence of strong differential selection at our microsatellite, or closely linked, loci. Second, migrationdrift disequilibrium is the most plausible explanation in agreement with our results: since pairwise genetic differentiation between pools was not correlated between the two ploidy levels (Table 5) , there may be a lag between migration and (local) breeding due to the long generation times in G. gracilis (420 years, Engel et al, 2001) . Finally, in the case of migration-drift disequilibrium, differential migration rates of haploid and diploid spores could account for the higher haploid y y ST values. However, in vitro, haploid spores have better dispersal capacities than diploid spores (Destombe et al, 1992) , indicating that haploid differentiation would be weaker than diploid differentiation. Our results suggested the opposite pattern: effective migration appeared more restricted in haploids. While the difference between potential and effective dispersal capacities may be due to a variety of biological, demographic or genetic factors, the inconsistency of in vitro and in situ results may simply arise from considerable male gamete dispersal. As the differentiation of the diploid phase is a product of both carpospore and gamete dispersal, differences in spore dispersal capacities may be attenuated or even reversed in G. gracilis, where at least 10% of effective male gametes disperse among pools .
Variation in the landscape and asymmetrical migration: The low estimates ofŷ y ST and the absence of a clear pattern of isolation-by-distance (within or between sites) indicate either high levels of (ongoing) gene flow and/or that populations are not at migrationdrift equilibrium (Slatkin, 1993) . The difference in the magnitude of haploid and diploidŷ y ST estimates suggested migration-drift disequilibrium, but the current gene flow may be far from negligible. A direct estimate of gene flow via paternity analysis in the GN2 pool indicated that 9% of male gametes originated outside the pool . Nevertheless, if, at this microgeographic scale, isolation-by-distance processes did not predominate genetic structuring, this does not imply that these processes are not important in G. gracilis, only that they are probably scale dependent. In fact,ŷ y ST in G. gracilis does increase linearly with distance at spatial scales of hundreds of kilometers (Engel et al, 1997) .
In this study, genetic differentiation was associated with habitat type: only high-shore pools (ie GN2 and Aud1) were significantly differentiated from other pools (Table 6 ); in addition, significant spatial structure and lower genotypic diversity, signs of relative isolation, were only observed in high-shore pools. Rousset (1999) demonstrated that, in the case of asymmetric dispersal, differentiation between two habitats is always intermediate to that within each habitat. Indeed,ŷ y ST values were generally low between low-shore pools, high between high-shore pools and intermediate between high-and low-shore pools (Table 5 ). More strikingly, spatial variation in migration rates was revealed (Figure 3) , showing that the percentage of resident (ie autorecruited, nonmigrant) individuals increased significantly with the duration of emersion time (ie time during which the study pool is isolated from other pools of the same shore).
In other intertidal species, genetic differences between high-and low-shore populations have been attributed to fitness differences, either owing to differential selection pressures (green seaweed, Innes, 1988) or to higher extinction probabilities (seagrass, Ruckelshaus, 1998) . However, a demographic study of Aud1, Aud2, GN2 and GN3 revealed similar population dynamics in all the pools (Engel et al, 2001 ). In the absence of differences in survival, fecundity or extinction probabilities and even habitat quality, biased spore dispersal may generate directional gene flow (cf. Stanton et al, 1997; Kawecki and Holt, 2002) . If the transport of spores and gametes occurs predominantly at low tide when small streams flow from high-to lower-shore pools, higher pools will be relatively isolated from gene flow compared to lower pools. Highshore populations are physically isolated from the sea daily. On the other hand, low-shore pools are more often submerged than emerged; therefore, they are open to migrants, not only from run-off from higher pools but also from pools at the same shore level. An experimental study in G. gracilis showed that fertilization occurred essentially at low tide in high-shore pools, while lowshore pools showed similar fertilization rates during high-and low-tide periods (Engel and Destombe, 2002) . These differences according to height on the shore suggest, as this study clearly demonstrated (see Figure 3) , that high-shore pools receive few extrapopulation gametes, while low-shore pools receive a substantial proportion of immigrant gametes. Thus, together, these results show that the intertidal landscape imposes asymmetrical migration between high-and low-shore pools, and suggests that limited gene flow into highshore pools could promote local adaptation to high-shore ecophysiological conditions (eg large daily fluctuations in temperature, salinity, luminosity, etc).
Maintaining high genetic diversity in a haploid-diploid species The overall genetic structure was relatively weak in G. gracilis at this microgeographic scale, revealing high within-population diversity and substantial migration among populations. A recent model showed that drift is a weak force in the population genetic structure of treestypically long lived with long juvenile phases -because new migrants arrive before (founding) individuals contribute to the gamete pool (Austerlitz et al, 2000) . In light of this model, the high survival rates and long generation times typical of G. gracilis populations (Engel et al, 2001 ) probably help maintain high genetic diversity within populations (relative to among populations). Similarly, according to the 'storage effect', genetic drift is buffered in long-lived organisms due to the storage of genotypes in long-lived stages (Gaggiotti and Vetter, 1999; see also, Ellner and Hairston, 1994) , much as a seed bank slows down coalescence rates (Kaj et al, 2001) . Thus, the alternance of independent, obligatory, perennial haploid and diploid phases through which all genes transit may very well contribute to the maintenance of high genetic variability.
